Abstract. Up to now it has not been possible to reliably cross-calibrate dual-energy X-ray absorptiometry (DXA) densitometry equipment made by different manufacturers so that a measurement made on an individual subject can be expressed in the units used with a different type of machine. Manufacturers have adopted various procedures for edge detection and calibration, producing various normal ranges which are specific to each individual manufacturer's brand of machine. In this study we have used the recently described European Spine Phantom (ESP, prototype version), which contains three semi-anthropomorphic "vertebrae" of different densities made of simulated cortical and trabecular bone, to calibrate a range of DXA densitometers and quantitative computed tomography (QCT) equipment used in the measurement of trabecular bone density of the lumbar vertebrae. Three brands of QCT equipment and three brands of DXA equipment were assessed. Repeat measurements were made to assess machine stability. With the large majority of machines which proved stable, me,in values were obtained for the measured low, medium and high density vertebrae respectively. In the case of the QCT equipment these means were for the trabecular bone density, and in the case of the DXA equipment for vertebral body bone density in the posteroanterior projection. All DXA machines overestimated the pro-
Introduction
Over the last few years, the advent of equipment employing X-rays of two energies (dual-energy X-ray Absorptiometry, DXA) has replaced the previous generation of dual photon absorptiometry using isotope sources [1] [2] [3] [4] [5] . Meanwhile, other approaches to bone mineral measurement, including quantitative computed tomography (QCT), have continued to flourish. The aim of the Concerted Action 'Quantitative Assessment of Osteoporosis' was to achieve reliable cross-calibration and quality assurance in bone densitometry with DXA, QCT and other types of bone densitometry equipment in current use. Two recent studies have addressed the question of quality assurance in DXA densitometry [6, 7] .
At the time this study was initiated it was not possible to reliably convert measurements made, for example, on the spine of an individual subject using one manufacturer's DXA machine and interpret the results in the context of the reference ranges and spread of pathological values seen in contemporary studies conducted with machines made by other manufacturers [8] [9] [10] [11] [12] . This has hindered the development of protocols for multi-centre studies. In this report we described the use of a semi-anthropomorphic spine phantom in the assessment of the equipment of various manufacturers. Accuracy was assessed in comparison with the phantom, which was built to a precise specification. An approach to calibrating machines using the phantom is described. At the present time, one other systematic attempt has been made at intercalibrating DXA densitometers made by different manufacturers [13] and a preliminary report has appeared of another [14] . Several reports have systematically examined the factors influencing the results obtained with QCT [15] [16] [17] [18] [19] [20] . Our purpose was to explore the potential for crosscalibration of machines in routine clinical use with a variety of measurement protocols which for various reasons could not be altered to achieve better crosscalibration.
Methods

Phantom
The semi-anthropomorphic spine phantom used in this study was manufactured by QRM, Erlangen, Germany, and has already been described in detail [21] . Briefly it was made of several phases of epoxyresin, one calculated to have the attenuation coefficient and hence the apparent density of water (solid water), the others calculated to have the density of compact (cortical) bone (400 mg/cm 3 added to the plastic material) and three densities of cancellous bone (50, 100 and 200 mg/ cm3). These were achieved by adding varying quantities of powdered hydroxyapatite [21] . The shape of the phantom was designed for relative ease of manufacture so as to contain costs and was not perfectly anthropomorphic. It is illustrated in Figs 1 and 2. Within each phantom there were three simulated 'vertebrae'. Table  1 gives the specified densities of these three vertebrae.
Nineteen centres participated in measurements of the European Spine Phantom (ESP) using DXA equipment and nine centres made measurements using QCT equipment, a total of 25 phantoms being used in the present study. A finalized version of the ESP has recently been produced, so the ESP version used here is properly referred to as the ESP prototype, being identical with the specification described by Kalender [21] . For brevity, in what follows the ESP prototype is referred to as the ESP. 
T E E o r
Procedures for Measuring ESP by DXA (Table 2) All scanning procedures were standardized between centres for each brand of machine. In the case of Hologic machines, the ESP was scanned in the posteroanterior (PA) mode. The phantom was first located using the ESP carrying case as a spacer between the edge of the table and the ESP. The starting point was identified as some 5 mm "inferior" to the lower end plate of the densest "vertebra" (designated 'L4') and the region of interest box size was chosen to be 119 x 96. The intervertebral spaces were marked by the operator. No bone edge modification was allowed. For the Lunar machine the spine phantom was scanned as though it, was a patient, beginning and ending the scan within the phantom. The scan path was never allowed to extend into air. The analysis required that the intervertebral spaces were eliminated and this was done by bringing together the edge marks on the four scan lines of the two intervertebral regions using the "profiles option" in the autoanalysis software. With the Norland machine, which "expected" to see at least five vertebrae with its autoanalysis software, it was necessary to scan each vertebra separately and this was done with the phantom placed approximate1~v centrally on the scanner table with the low-density vertebra towards the head. The standard posteroanterior (PA) spine scan was then performed in patient mode, but including only a single vertebra beginning with the low-density one. The scan width was set at the standard 12 cm. The diagram on the top of the phantom was used to mark start and end points about 2 mm above and below the vertebra of interest. Each region of interest was then 3.1-3.3 cm long. Results are presented for bone mineral content (BMC), projected area and bone mineral areal mass (BMA) [22] . The acronym BMA was proposed to avoid confusion with true densities expressed in g/cm 3, because BMA values are expressed in g/cm 2. Nevertheless many investigators, including the International DXA Standards Committee, hold to the BMD terminology, and to avoid misunderstandings the results obtained with DXA in the units g/cm 2 are expressed as 'BMA/BMD' (g/cm 2) in this paper. (Table 3) For whole-body QCT machines (Siemens, IGE and Elscint) the ESP was positioned on top of the bone calibrating system of the appliance centrally and parallel to the longitudinal axis of the table. In the case of the Siemens, this system consisted of the special mat with the calibrating phantom, and for the other equipment a special calibrating phantom (e.g. Cann and Genant, Image Analysis or Siemens phantom) was used as in clinical studies and the system set to the standard measurement parameters. Measurements were performed with low tube voltage (80-96 kV) or using dualenergy mode (voltages approximately 80 and 140 kV).
Procedures for Measuring ESP by QCT
In the evaluation of measurements with these computed tomography machines the methods corresponded to those used for patients. Where possible automatic procedures were employed and the trabecular density values of the three vertebrae obtained using regions of interest between 99 mm 2 and 900 mm 2 in area. Different centres used different-shaped regions of interest (circular, oval and "Pacman") according to their normal patient procedures.
Quality Control of Phantoms
Each phantom was measured three times on a DXA Hologic machine and a QCT Siemens machine before distribution to the participating centres. This allowed adjustment for differences between phantoms measured on the DXA machines.
Stability Analysis
In what follows, "density" refers to trabecular density 2 (QCT) or BMA/BMD (g/cm) as appropriate. Each phantom was measured daily for 1 week and once weekly thereafter. The data for the first week's measurements and the subsequent weekly measurements were plotted against time for each separate vertebra on the ESP. Linear regression was used to determine the rate of change of density with time for each vertebra on each machine. Where changes in the X-ray tube occurred during the phantom measurement period, separate regression lines were fitted for each source. Regression was not performed for machines with fewer than 10 weeks of phantom measurements. For each machine which had a significant (p <0.01) change in density with time, the change in density estimated to occur over a period of 13 weeks was calculated and expressed as a percentage of the mean density.
European Quantitation of Osteoporosis Study Group
Comparison of Machines
The mean was calculated for each vertebra for each machine. Whenever a source change was made the mean was calculated separately for each source. This figure was used to determine the accuracy and precision of each machine's phantom measurement. Accuracy was defined (arbitrarily) as the ability to produce results that, on average, matched the specified values of the parameter of interest in the phantom, as given in Table  1 . Precision was defined by the degree to which the machine obtained the same results in repeated measurements of the phantom, and was expressed as a standard deviation of the phantom measurements after calibration. The resulting standard deviations were then in the same scale of measurement for all machines.
Calibration
A cross-calibration formula was determined for each machine at each centre. Whenever a source change occurred during a measurement period a crosscalibration formula was determined for each source separately. For all machines with a significant drift in density with time and more than an arbitrary 3% change over 13 weeks, the calibration formulae were determined separately for each 7-week period. Simple linear regression was used to determine the following formula for each measurement of the phantom on each machine:
Observed measurement = A + B x Specified density + ei (1) where A and B are the regression constant and coefficent respectively and ei represents the statistical uncertainty of the estimate. The values of specified densities used in the analysis are given in Table 1 . The regression lines for each machine were summarized by taking the means of the coefficients A and B. Resulting estimated values of A and B were referred to as the intercept (regression constant) and the slope (regression coefficient) of the regression line.
The fit of this regression line was assessed by looking at the distribution of the residuals and the variability of the residuals. The residual was defined as the difference between the observed phantom measurement and the estimated density from the regression line. This analysis assumed that these residuals were normally distributed and that the variation of residuals was constant with changing specified density. Histograms and normal probability plots were used to check the assumption of normality and plots of the residuals against the specified density were used to check the constant variability in the residuals.
The regression lines were converted into a crosscalibration formula by rearranging them, so that standardized (specified) densities could be predicted from observed densities. Table 4 summarizes the measurements of the phantom before distribution to the centres. The standard deviations (SDs) of trabecular densities between phantoms are of the same order of magnitude as those obtained from repeated measurements of the same phantom. For DXA measurements, the SDs between phantoms were larger than those obtained for repeated measurements on the same phantom, showing that some differences between the phantoms were measurable.
Results
Thirty-nine machines measured the ESPs a total of 1289 complete measurements being made, 860 and 429 by DXA and QCT machines respectively. Figures 3 and 4 show representative stability plots for DXA Hologic and QCT Siemens machines. However, there was evidence, with a minority of machines, of statistically significant drift with time affecting two DXA and three QCT machines. Three of these showed a drift of more than 3% in any vertebra over a 3-month period. Table 5 contains the averages of the mean density for each manufacturer, weighted for numbers of measurements. These show differences between the machines of different manufacturers. The SDs in this table refer to the spread of results obtained between mean values from machines of a single manufacturer when used to measure the ESP.
Of the DXA machines, Hologic and Norland underestimate the specified densities for the high-density vertebra, Lunar giving on average nearly the specified value of 1.50. However, the Lunar machine overestimated the low-and medium-density vertebrae. Except for the low-density vertebrae, the biggest difference between the observed densities and the specified densities occurs with the Hologic machines. Relative to the mean values for the Lunar machines, the Hologic and Norland machines gave results for the low-density vertebrae which were 0.07 g/cm 2 and 0.12 g/cm 2 lower respectively. For the medium-density vertebrae, the 2 2 equivalent figures were 0.19 g/cm and 0.18 g/cm lower respectively. For the high-density vertebrae the equiva- 2 2 lent figures were 0.25 g/cm and 0.07 g/cm lower respectively. For most of these instruments, the area detected was larger than the specified 9 cm 2 for each vertebral body (Table 5) . For all vertebrae, a variable portion of the proximal part of the transverse processes was being measured in addition to the vertebral body. These processes have a lower density than the vertebral body, thus reducing the observed densities compared with the specified densities. Also parts of the intervertebral spaces were usually included. The projected a 'Machines' refers to a single machine to which a single period of stability analysis was applied. When, due to mechanical changes (e.g. X-ray tube) stability was assessed separately over two periods of time on a single machine, that machine counted twice in these analyses.
area of the vertebral bodies plus half an invertebral space on either side was 10.4 cm 2. The Siemens QCT machine produced measurements close to the specified densities, while the IGE and Elscint machines slightly underestimated the specified densities (Table 5) . Table 6 shows that all DXA machines measuring the ESP, the SD is smaller for the low-density vertebra, indicating that this is measured more precisely in terms of units of measurement than the high-density vertebra. Relative SDs (i.e. SDs divided by means) were more similar between the three vertebrae with these machines than SDs. Results obtained for QCT measurements of the ESP showed rather similar SDs for the three vertebrae in g/cm 3.
In the calibration of DXA measurements of the ESP, the analysis of residuals showed that for the Hologic and Lunar machines linear regression did not explain the whole relationship between the observed measurements and the specified densities. Essentially, this was because the relationship between the observed measurements and the specified densities was curved. Typical plots of the two types of data and the fitted regression lines are shown in Figs 5 and 6. The fitted regression lines underestimated the observed measurements of the medium-density vertebra by an average of 3.2% and 4.5% for the Hologic and Lunar machines respectively. There was no problem with the fit of the linear regression for the Norland DXA machines or for any of the QCT machines.
For the DXA machines an alternative non-linear fit was therefore tried, with the aim of ensuring that at a specified density of zero, the machines would read zero as assumed in the built-in software. It was found that the' data can be fitted by an exponential curve with the formula a,Machines, refers to a single machine to which a single period of stability analysis was applied. When, due to mechanical changes (e.g. X-ray tube) stability was assessed separately over two periods of time on a single machine, that machine counted twice in these analyses. (2) where ~is the asymptote and tr • flis the slope when the specified density is small. This curve-fitting formula was found to provide a better fit than the linear regression formula with all but six of the DXA machines, and was adopted except where otherwise stated. When the exponential fit was employed the standardized density was obtained by rearranging Eq. 2 to give: facturers, which reflect the differences in the means described previously. For the ESP, these regression lines fit the data well. The average R 2 value for both DXA and QCT machines was 99.9%.
Discussion
Over the last 10 years bone densitometry has become widely available for measurements on the axial skeleton [1] [2] [3] [4] [5] 23, 24] . The skeleton is complex in its spatial arrangement. Therefore there has been great scope for individual companies supplying densitometry equipment to develop different approaches as to how measurements should be made. Although commercial DXA manufacturers all use the principle of having two X-ray beams which simulate the monoenergetic emissions of the previous generation of dual photon absorptiometers employing 153Gd, this is achieved in different ways. Manufacturers make different allowances in their software for the presence of fat in the axial skeleton, they use different edge detection algorithms and they have different procedures for identifying areas of interest. So when an individual subject is measured by machines supplied by different manufacturers, the results show considerable differences. The problems of comparing equipment manufactured for the analysis of cancellous bone densities using QCT have been somewhat less intractable. However, the equipment supplied by some manufacturers, but not others, has in particular been sensitive to variations in the table height employed [25] . Both QCT and DXA measurements have therefore suffered up to now by a lack of adequate standardization [26] .
Morita et al. [13] devised a geometrically simple phantom for use with DXA machines, containing cylinders of three diameters holding five different concentrations of hydroxyapatite, and sent 20 of these phantoms to different institutes throughout Japan. They were able to devise interconversion equations for relating BMA/BMD (g/cm 2) measured on one machine with BMA/BMD measured on another, and used these equations to generate an age distribution of lumbar BMA/BMD for a large number of normal women. Like us, they found that it was necessary to standardize individual machines, finding measureable differences in the results obtained by machines of the same brand and model type.
Important components of DXA software are the edge detection algorithms. In the automatic delineation of 'bone' from 'not bone', such algorithms begin with a three-dimensional array in which each pixel is associated with three numbers, two of which refer to its position in the AP projection while the third is the calculated mass of bone in the pixel's volume. There are many possible ways of differentiating 'bone' from 'soft tissue' and wide scope for obtaining different results due to variations in the a priori criteria adopted, or to the complexities of the surface topography of the bone. This has been studied previously [27] . Some commercial phantoms are designed to match closely the surface contours of one particular human original. If this led to bone edge detection which not only differed between machines but which differed idiosyncratically in a way that was dependent on the unique anatomical contours of the phantom, this could be a disadvantage. For this reason a semi-anthropomorphic phantom with smooth surfaces as well as edges that were less irregular than those seen in vivo seemed worth investigating.
An important feature of the ESP is that it can be used on both QCT and DXA machines. Also, it was designed to span about 90%-95% of the range of bone density values found in human subjects, including those with osteoporosis. This phantom has allowed us to assess the degree to which deviations from mathematical linearity with respect to densities specified for the phantom need to be corrected for with the machines of different manufacturers. The slightly curvilinear calibration equations with all Hologic and most Lunar machines do not directly imply that in a hypothetical dissection study, performed with a sufficient number of human cadavers, a non-linear relationship would be found between measured density and ash weight. A study of this nature of sufficient numerical size would probably be impractical. Since differences in curvature between individual machines are of only moderate statistical significance, it is predictable that the results obtained in a series of subjects measured on two different machines on the same day would fit a linear rather than a curvilinear regression [14] . Furthermore, since in other studies with different test material all DXA manufacturers found their machines to respond linearly to increased density in g/cm 2, it is likely that these slightly curvilinear relationships relate to some property of the ESP which may or may not be associated with its anthropomorphic properties. The practical issue is that by using curves instead of straight lines, slightly better cross-calibration equations will be obtained with the ESP prototype.
The results shown in Table 5 demonstrate that all the DXA equipment under review, except that made by Lunar, underestimated specified densities when measuring the ESP. One reason for this is that Lunar have built into their software a correction for fat content. In vivo fat reduces the bone density measured by DXA equipment and Lunar adjusts for this arbitrarily by assuming that soft tissues contain 25% fat. These results reinforced the expectation of large differences between machines from individual manufacturers of DXA equipment. Also, standardized density values obtained after cross-calibration are not adjusted for fat, so that our approach to cross-calibration does not include any correction for the fat content of the marrow, which has been shown to lower measurement values obtained with QCT and DXA. Another finding (illustrated in Table 5 ) is that differences between machines of the same manufacturer may be expected with respect to both DXA and QCT equipment -which could be important, particularly in longitudinal studies, if subjects were considered for transfer from one machine to another. The implication is that great care must be taken when transferring longitudinal studies between densitometers, even when they are being transferred to another manufactured by the same company. Either the results should be standardized with a phantom such as the ESP, or the second densitometer should be tuned very carefully to the first so that it gives similar results with a phantom such as the ESP and some representative human subjects [28] .
An alternative approach to the cross-calibration of bone densitometers has been adopted by Genant et al. [14] . They made triplicate measurements with three brands of DXA machines on over 100 human subjects and used regression analysis to derive equations for interconversion between pairs of densitometers. The scatter about each of the two regression lines for the spine was moderate but higher for the measurement sites in the femur, leaving some statistical uncertainties associated with the regression constants and coefficients obtained (which were for practical purposes quite impressively small for the spine). Nevertheless these were higher than the uncertainties associated with the regressions we fitted to our phantom measurements for individual densitometers. The physical reasons underlying scatter such as that observed by Genant et al. have been investigated by Mazess et al. [27] and to a substantial extent reflect the alternative choices of a modified fixed threshold by some manufacturers (e.g. Hologic) and a derivatized thresholding procedure by others (e.g. Lunar). Hologic machines tend to generate larger areas of interest, particularly in patients with relatively dense transverse processes. Parts of these may become included in Hologic areas of interest.
Derivatization techniques invariably are more sensitive to random uncertainties (e.g. associated with nonideal photon flux) and may therefore tend to give less precise estimates of area. Both these tendencies are evident from the results shown in Table 5 . An important consideration with generalizing Genant et al.'s [14] approach to the problem of routine cross-calibration is that, as we have shown, individual machines give varying results even if they are made by the same manufacturer, due to differences in setting up or local measurement procedures. Therefore with a crosscalibration based initially on many human studies a secondary cross-calibration (e.g. between each Hologic, each Lunar or each Norland machine in a study) with a phantom such as the ESP covering the full range of expected bone densities may still be necessary to eliminate artifactual between-centre differences.
With regard to stability, there was one DXA machine and two QCT machines which showed a drift with time of more than 3% over a 3-month period in the results obtained with the ESP. This must have compromised the value of the clinical results obtained from these machines over the same time span. The value of using phantoms such as the ESP for documenting stability cannot be overemphasized. Currently this is normally part of routine procedure with most dedicated densitomerry systems, the importance of which became obvious when early work with radioisotopic sources (dual photon absorptiometry) showed problems which were attributable to declining source strength or contamination by other radioisotopes with different energies and half-lives [1] . Our results with a representative group of equipment from different manufacturers in everyday use give no grounds for complacency and emphasize that the current generation of equipment, while of improved stability, requires regular monitoring with an appropriate phantom to guarantee stability if the results are to be acceptable.
Given that the measurements procedure is rigorously standardized there are many other factors which can affect the precision with which a phantom is measured. These include both photon flux and photon energy, particularly with respect to the low-energy beam in DXA systems, and repositioning, which in patient measurement of the proximal femur can have a substantial influence on the BMD results obtained [8] . Differences in rotation were minimized with the ESP because of its fiat bottom and standardized respositioning procedure. DXA machines also offer choices to operators which potentially could affect the application of standardization procedures [29] , but these were minimized by the adoption of uniform measurement procedures in close consultation with the manufacturers. In a future paper the measurements of in vivo precision will be compared with the measurements of precision of phantom measurements. This will help assess the potential of improved machine precision for further improving in vivo precision.
In conclusion, we have developed and applied a semianthropomorphic phantom for use in quantitative axial bone densitometry. This allows the calculation of bone density values which can be related to the density specified in the phantom. Calibration curves have been derived for each machine in the study, which has allowed us to adopt a cross-calibration procedure in which 'standardized density' values are derived from individual patient measurements. In order to minimize the error in the calibrated measurements it is not sufficient to use the weighted regression line for each manufacturer to calibrate subject measurements; a regression line derived specifically for each machine must be used. Most of the machines in this study demonstrated acceptable stability and high levels of precision. The results contained in this paper have been applied in clinical studies of representative populations of normal subjects in a number of European countries to generate European normal ranges expressed in terms of specified densities [30] . This and other work documenting the results obtained in various patient groups will be presented elsewhere.
